A carbon molecular sieve for the purification of a gas mixtures containing O 2 , N 2 and CO 2 , CH 4 was produced from a waste granulated PET by means of a single carbonisation step at 973 K. Activated carbon materials presenting good adsorption capacity and some selectivity for O 2 /N 2 and CO 2 /CH 4 were prepared from granulated PET and cork oak with pore mouth narrowing using CVD from benzene. The diffusion coefficients of O 2 , N 2 , CO 2 and CH 4 in these materials were calculated and are comparable to published values determined on Takeda 3A and on a carbon molecular sieve prepared from PET textile fibres by means of carbonisation and subsequent CVD with benzene. However, the selectivities were not quite as good as those given by Takeda 3A. However, taking into account that this is a first attempt at producing CMS from PET, the results are encouraging, and it is to be expected that further development of the experimental procedure will result in new materials with improved performance.
Introduction
Activated carbons (AC) are commonly used as adsorbents for decontamination processes such as purification of drinking water, wastewater and sewage treatment, but also play a crucial role in many applications within the fields of emission control and gas separation and purification. Activated carbons can be prepared from a variety of raw materials, but the most referred precursors are hard coal, brown coal, wood, coconut shells, polymers and some agricultural by-products [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . The use of a particular AC, designated as carbon molecular sieve (CMS), in the chemical process industry, to separate various gases has been known for several decades [4, 7, 15] . The development of suitable porosity which will favour the adsorption/separation of gases and vapours depends upon the carbonaceous precursors as well as the preparation methods and on the post treatment. Kinetic separation based, for example, on differences in the molecular sizes, may be obtained by controlled reduction of the pore size of the adsorbent. To generate an effective separation, the CMS must present a pore opening of about one molecular diameter of the larger gas in the mixture [5] [6] [7] . Three factors, applied singly or in combination, may allow the desired selectivity to be achieved: steric factors (such as the difference in shape and size of the adsorptive molecules), equilibrium effects (when the adsorption isotherms of the components of the mixture differ considerable) and kinetic effects (when the components have substantially different diffusion or adsorption rates) [5] [6] [7] [8] .
The narrowing of the pore size may lead to an increase in the diffusion speed for smaller molecules when compared with those which are larger. A post treatment by chemical vapour deposition (CVD) involves the deposition of pyrolytic carbon on a microporous carbon material which had a homogeneous micropore structure with mean pore entrance dimension slightly larger than that required for effective molecular sieving action. A post treatment by CVD from different hydrocarbons [4] [5] [6] [7] [8] [9] or a post thermal treatment with a microwave furnace, on activated carbon fibres were also reported as achieving optimum separation for CO 2 /CH 4 and N 2 /O 2 [2] .
The adsorption kinetics is controlled by the diffusion of gases through the porous structure of the molecular sieve and it depends on its microporous structure. In this way, the rates of diffusion of molecules with close molecular sizes can differ, making this a possibility for their separation. The most usual procedure for evaluating molecular sieve properties involves the calculation of effective diffusion coefficients from the follow equation [6] :
The most common approach has been reached applying Eq.1 at long contact times, corresponding to uptakes, V, greater than about 60-70% of the equilibrium capacity, V eq . A plot of ln (1-V/V eq ) as a function of time (t) allows the effective diffusion coefficients (D/r 2 ) to be calculated.
The main objective of this work was to characterise the texture of the AC obtained from different precursors and test them to assess their potential for gas purifications/separations. Various AC already prepared by our group presented a pore size around 0.7 nm [3, 10] , which is an ideal starting point for pore mouth narrowing by CVD for gas separation applications, and these were used in this work. In order to achieve better molecular sieving activity we also intended to reduce the micropore mouth dimension by means of CVD from benzene, but without significantly reducing the adsorption capacity.
Experimental
In this study a set of samples prepared from cork oak (Quercus suber L.) and recycled granulated PET, from Selenis, Portugal, was used. The series of activated carbons prepared in our laboratory were activated by physical activation with carbon dioxide at 973 K (later identified by DC) or chemical activation with potassium hydroxide at 973 K with a ratio of KOH/precursor of 2 (later identified by PH), as detailed before [3, 10] . The designation of the samples starts with the initials of the precursor, followed by the activating agent and the level of burn-off (in the case of physical activation): CORK-PH, CORK-DC-0, PET-PH, PET-DC-0 and PET-DC-9.
The textural parameters were determined based on nitrogen adsorption at 77 K. Based on these results representative AC were chosen to study the selectivity and adsorption capacity for different gases. Some samples were also submitted to a post-treatment for pore mouth narrowing. The post treatment by CVD was carried out by passing N 2 saturated with benzene vapour over the sample at 1073K for different time periods (10 to 60 minutes). And the samples are now designated as CORK-PH-CVD, CORK-DC-0-CVD, PET-PH-CVD and PET-DC-9-CVD.
In this work, the adsorption of O 2 , N 2 , CO 2 and CH 4 at 298 K was determined using a classical glass adsorption manometric apparatus, equipped with an Edwards Barocel 570 capacitance manometer and an Edwards Datametrics 1174 control unit, for pressure measurement. After outgassing the AC at 553 K, the probe molecule at an initial pressure of approximately 1bar was introduced and the uptake measured as a function of time. The molecular diameters of the gases used are CO 2 (0.330 nm), O 2 (0.346 nm), N 2 (0.364 nm) and CH 4 (0.380 nm) [3, 6, 11] .
Results and Discussion
The adsorbents were texturally characterised by the adsorption of N 2 at 77 K and the isotherms were analysed by applying the BET and DR equations and the α s method, in order to obtain estimates of micropore volume and mean pore size. The . On the other hand, the cork sample physically activated to 35% burn off was microporous with a mean pore size around 0.76 nm and a micropore volume of 0.31 cm 3 g -1 . This set of samples allowed us to achieve a wide variety of textural properties to start our studies. All data are presented in table 1.
The performance of different materials as CMS is normally evaluated in terms of the kinetics of adsorption of different gases. In this work, all carbon samples were evaluated by measurement of individual adsorption kinetics of O 2 , N 2 , CH 4 and CO 2 carried out at 298 K and 1 bar and the adsorption capacity of each sample is presented in table 2. Fig. 2 shows, as an example, the uptake curves for O 2 , N 2 , CH 4 and CO 2 , obtained on the carbonised samples prepared from PET (a) and from cork oak (b) respectively. Based on the uptake curves, the adsorption capacity and selectivity and the ability of different carbon materials for performing the separations required was evaluated. This evaluation was done in two different ways. Firstly, the determination of the volume adsorbed, at a specific contact time, and the uptake selectivity of each gas pair was calculated as the ratio of the corresponding volumes adsorbed (V(CO 2 )/V(CH 4 ) for CO 2 /CH 4 and V(O 2 )/V(N 2 ) for O 2 /N 2 ), at a contact time of 30s. The application of equation 1, allowed calculation of the diffusion coefficients and the selectivity for each gas pair was also calculated as the ratio of the corresponding rate constants (k(CO 2 )/k(CH 4 ) and k(O 2 )/k(N 2 )). The selectivities obtained from the two ratios are fairly similar. The data are shown in table 3.
Based on Fig.2 and table 3 , it is clear that the carbonised prepared from PET (PET-DC-0) exhibited selectivity for the CO 2 /CH 4 pair and could be used as a molecular sieve for this separation, as the adsorption capacity for the carbon dioxide is high. For the O 2 /N 2 pair the separation, using this carbonised as carbon molecular sieve must be done in a short time period. Concerning the carbonised prepared from cork (CORK-DC-0), the adsorption capacity for the carbon dioxide was high but the selectivity for CO 2 /CH 4 was not noteworthy and the carbonised didn't present net selectivity for O 2 /N 2 . Based on the uptake curves, and on the diffusion coefficients, obtained on the AC samples prepared with physical or chemical activation it allow us to say that only PET-DC-0 exhibited clear molecular sieving properties for CO 2 /CH 4 or O 2 /N 2 . Table 2 . Adsorption capacity for PET and cork oak derived samples, before and after modification by CVD from benzene, obtained directly from the gas uptake curve, at t= 600s.
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From Table 2 , it is possible to infer, that all untreated AC presented almost the same or even higher adsorption capacity than PET-DC-0 for O 2 and CO 2 . As the precursor AC presented a high adsorption capacity for the O 2 and CO 2 and a narrow pore size, these samples were submitted to an adjustment of the pore mouth by CVD, from benzene at 1073 K, for different periods. Fig. 3 shows the uptake curves for O 2 , N 2 , CH 4 and CO 2 , obtained on the AC prepared from PET by chemical activation (a) and on the AC after CVD from benzene during 10 minutes (b).
The effect of the CVD deposition was analysed based on N 2 adsorption at 77 K. On the AC prepared by chemical activation, (CORK-PH and PET-PH) the CVD from benzene promoted a decrease in the pore volume and a broadening of the mean pore size. On the carbonised prepared from cork oak and the AC prepared by physical activation, an increase in the micropore volume was perceived. On N 2 isotherms (not presented here) for PET-PH-CVD, CORK-PH-CVD and CORK-DC-0-CVD the presence of a small hysteresis observed at low relative pressures, indicates the presence of constrictions where the adsorption in the micropore structure is activated. In these conditions the DR equation is not applicable and the high value for the mean pore size presented in Table 1 must be unrealistic. Preliminary tests had revealed that with increasing CVD time, the adsorption capacity decreased and the pore mouths were therefore effectively narrowed (data not presented here).
Based on the diffusion coefficient ratios or on the adsorbed volume ratios at t=30s, on the chemically activated carbon modified by CVD from benzene, the uptake selectivity slightly increased, when compared with the untreated samples. For the AC prepared by physical activation, the modification by CVD from benzene was not useful, as an increase in the mean pore size and micropore volume was found. More work needs to be done before the application of the activated carbon modified by CVD from benzene as a molecular sieve carbon for the N 2 /O 2 and CH 4 /CO 2 separation. Furthermore, the work is still interesting as the rate constants calculated for all gases are comparable to the values available in the literature [2, 5, 6, 8, 9, 12, 13] . All data are shown in Table  3 . At the moment, the increase in the uptake selectivity was not remarkable, but we are still optimising the CVD operational conditions in order to improve the selectivity as the adsorption capacity was maintained or even increased. Advanced Materials Research Vol. 107 
Conclusions
A carbon molecular sieve for the purification of a gas mixtures containing O 2 , N 2 and CO 2 , CH 4 was produced from a waste granulated PET by means of a single carbonisation step at 973 K. Also, in the present work, an effort has been made to define suitable conditions for synthesis of carbon molecular sieves from granulated recycled PET and waste cork with high adsorption capacity. The process was based on the production of AC presenting narrow and homogeneous micropores followed by pore mouth size narrowing by CVD of benzene at 1073K. The results presented here show that the activated carbon obtained from PET or cork, by physical or chemical activation, without post treatment already presented some selectivity for O 2 /N 2 and CO 2 /CH 4 . The PET-PH after modification by CVD from benzene allowed just a slight increase in the uptake selectivity, but the adsorption capacity was maintained or even increased. As this was a first attempt at producing CMS from granulated recycled PET and waste cork, the results are encouraging, and it is to be expected that further progress of the method will result in new materials with improved performance.
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